Abstract. Neonatal intubation is one of the most common procedures performed by neonatologists, however, the procedure is difficult and high risk. Neonates who endure the procedure often experience adverse events, including bradycardia and severe oxygen desaturations. Because of low first attempt success rates, neonates are often subjected to multiple intubation attempts before the endotracheal tube is successfully placed. These factors conspire to make intubation one of the most dangerous procedures in neonatal medicine. In this commentary we review key elements in the journey to improve neonatal intubation safety. We begin with a review of intubation success rates and complications. Then, we discuss the importance of intubation training. Next, we examine quality improvement efforts and patient safety research to improve neonatal intubation safety. Finally, we evaluate new tools which may improve success rates, and decrease complications during neonatal intubation.
Introduction
Endotracheal intubation is a fundamental skill that every neonatologist must be competent to perform, however, it is difficult in practice and fraught with risk. Neonates who endure the procedure often experience adverse events, including bradycardia and severe oxygen desaturations. Due to low first attempt success rates, neonates are often subjected to a second, third, or even fourth intubation attempt before the endotracheal tube is successfully placed. These factors conspire to make intubation one of the most dangerous procedures in neonatal medicine. Despite the risks, little attention has been paid to neonatal intubation safety.
Improving neonatal intubation safety cannot be accomplished with a single step. As with any patient safety initiative, multiple factors must be considered.
In this commentary we review some key elements in the journey to improve neonatal intubation safety. We begin with a review of intubation success rates and complications. Then, we discuss the importance of intubation training. Next, we examine quality improvement (QI) interventions and research to improve neonatal intubation safety. Finally, we evaluate new tools which may aid providers in achieving higher success rates, and fewer complications, when performing neonatal intubation.
Neonatal intubation success rates and complications
How do we define a successful neonatal intubation? Before we can study neonatal intubation success, we must first acknowledge that this outcome has never been adequately defined. Some practitioners consider the insertion of the endotracheal tube into the trachea as success, regardless of the conditions of the intubation. However, the placement of the endotracheal tube into the trachea on the first attempt, without adverse events or complications, may be a better definition of success.
Most available data on neonatal intubation success come from single-site observational studies. These studies have consistently identified experience level and provider discipline as significant factors associated with intubation success (Fig. 1 ) [1] [2] [3] [4] [5] [6] [7] [8] . Experienced providers, such as attending neonatologists, have the highest success rates of around 64%. Novice providers, such as pediatric residents, have the lowest success rates, with success rates of only 20-26% [6] [7] [8] . Pediatric residents' suboptimal success rates likely stem from the limited experience with neonatal intubation. Gozzo et al. observed that pediatric residents performed few procedures in the NICU [9] . In a 2015 study of pediatric resident neonatal intubation competency, DeMeo et al. cited a median number of 3 intubation opportunities per resident during training [10] . The limited clinical experience is multifactorial, resulting from restrictions in duty hours and NICU rotations [11] , increased presence of advanced practice providers in the NICU [9, 12] , changes in management of infants with meconium-stained amniotic fluid [13] , and increasing usage of non-invasive ventilation strategies [14] . As opposed to residents, neonatal fellows report considerably more neonatal intubation experiences, with an average of 60 intubations by graduation [15] . However, the amount of Fig. 1 . Neonatal intubation first attempt success rates, presented as mean ± standard deviation, by provider type based on pooled data from eight published single center and multicenter observational studies (8,066 total intubations) [1] [2] [3] [4] [5] [6] [7] [8] . First attempt success rates by provider type are as follows: pediatric residents 42 ± 9%, NICU non-physician clinicians (nurse practitioners, physician assistants, respiratory therapists and transport nurses) 52 ± 9%, NICU fellow 63 ± 14%, NICU attending 64 ± 16%. The overall first attempt intubation success was 50 ± 8%. experience needed to establish competency with the procedure is unknown, and will vary by the individual. This highlights the importance of developing empiric methods to establish procedural competency in trainees [15] .
Less is known about the safety of neonatal intubation. Only two studies have focused on neonatal intubation complications and adverse events. Foglia et al. conducted a single-center prospective observational cohort study of infants intubated in a level IV referral NICU. The authors reported an adverse event rate of 22%, with the most common events being esophageal intubation (16%), mainstem intubation (2%), oral/airway trauma (2.7%), vomiting (1.6%) and cardiac arrest (0.9%) [7] . Severe oxygen desaturation, defined as ≥20% decrease in oxygen saturation, occurred in 51% of encounters [7] . Hatch et al. studied intubations in a level IV academic NICU and reported an adverse event rate of 39% [8] . The types of adverse events were similar to those reported by Foglia et al., and included esophageal intubation (21%), oral/airway bleeding (9.5%), mainstem intubation (7%) and hypotension (3.7%) [8] . These studies shed light on the high rate of complications associated with neonatal intubation.
The success and safety of neonatal intubation are intrinsically linked. Factors that are associated with improved intubation success, such as attending-level provider and paralytic premedication, were both protective against adverse events in the report by Foglia et al. [7] Similarly, Hatch et al. found that the odds of adverse events increased with increasing number of intubation attempts [8] . Thus, interventions to improve provider proficiency at intubation may increase the safety of the procedure.
Neonatal intubation training
According to the Accreditation Council for Graduate Medical Education, both pediatric residents and NPM fellows must be competent to perform neonatal intubation by the completion of training [11, 16] . As noted above, current pediatric residents have limited experience with neonatal intubation and are unlikely to perform more than a handful of intubations during training. Due to limited clinical opportunities for neonatal intubation and other procedures during pediatric residency, Lopreiato and Sawyer suggested adjunctive simulation-based training [17] .
Simulation-based procedural training can be optimized using evidence-based educational practice. The 'Learn-See-Practice-Prove-Do-Maintain' (LSP-PDM) training pedagogy is one such approach [18] . Using this method, training in a procedural skill, like neonatal intubation, is divided into 4 phases. In the first phase the trainee is required to learn the procedure through reading, didactic teaching, or e-learning modules. In the second phase, the trainee sees the procedure performed either via direct observation or video review. In the third phase, the trainee deliberately practices the procedure using simulation. In the fourth phase, the trainee proves proficiency with the procedure on a simulator by reaching a pre-defined 'mastery' standard on a validated observational assessment tool. Once initial training and simulationbased assessment are complete, the trainee is then permitted to "do" the procedure on a patient. During initial attempts, close clinical supervision is required. With increased competency the trainee is allowed to perform the procedure with decreasing levels of supervision through the process of graduated responsibility, or entrustment [19] . Once clinical competency is established, the trainee is allowed to perform the procedure independently, without direct supervision. Procedural competency is maintained through ongoing clinical experience supplemented by simulation-based practice, as needed, when clinical opportunities to perform the procedure are limited.
Neonatal intubation training using the LSPPDM approach has the potential to improve first time success rates, and thus decrease complications. Using a simulation-based mastery learning method, as outlined in the LSPPDM pedagogy, Barsuk et al. were able to improve success rates and decrease complications during central venous catheter placement by residents [20, 21] . It is possible that the same results could extend to intubation [22] . Methods to enhance the practice, prove and do phases of neonatal intubation training include innovative technologies such as the use of haptic technology to improve the fidelity of the simulation training, and video laryngoscopy to allow for real-time coaching [23, 24] . Developing ways to maintain neonatal intubation competency for providers who perform the procedure infrequently is important [25, 26] . Simulation offers the only viable means for such training [17, 18] . While ensuring provider competency with intubation is critical, technical proficiency alone does not guarantee a successful and safe intubation.
Neonatal intubation safety research
Performing a successful neonatal intubation is a complex task, involving more than the technical skills of performing the intubation. The factors at play include: provider characteristics, such as competency and experience, practice characteristics, such as the medications and equipment, patient characteristics, such physiologic stability and airway anatomy, and system characteristics, such as the microsystem and safety culture of the unit (Fig. 2) . While acquiring the technical skills needed to perform neonatal intubation is critical, building a system to support neonatal intubation safety is equally important. QI methods can be used to build and strengthen these systems. Hatch et al. described a multi-disciplinary QI project to decrease the incidence of intubation associated adverse events in a large, academic NICU [27] . The project tested three interventions using the Institute for Healthcare Improvements (IHI) Model for Improvement: 1. an "Intubation Timeout" tool to standardize pre-procedural preparation and improve team communication and situational awareness, 2. an evidence-based premedication algorithm for non-emergent intubation, and 3. an intubationspecific computerized provider order entry set. With these interventions adverse events decreased from 46% (126/273) during the pre-intervention period to 36% (85/236) during the intervention/sustainment period (RR = 0.78, 95% confidence interval [CI] 0.63-0.97). Bradycardia and hypoxemia significantly decreased as well. Using statistical process control methods, the improvements were temporally related to implementation of the "Intubation Timeout" tool [27] . The authors concluded that the improvements noted were due to improvements in team communication and function prior to, and during, the intubation encounter, a finding which has been reported in adult and pediatric intubations as well [28] [29] [30] .
In addition to QI reports, a growing body of literature exists to inform the safe practice of neonatal intubation. One area of this literature seems especially important -premedication for intubation. Premedication regimens that include neuromuscular blockade have been shown to improve intubation conditions [31] , decrease bradycardia and oxygen desaturation [32] and decrease the duration and number of intubation attempts [33, 34] . While supported by the American Academy of Pediatrics [35] , premedication is still not widely utilized in many American NICUs [36] .
Given the evidence documenting frequent adverse events during neonatal intubation and the paucity of rigorously tested interventions to decrease these events, well-designed multi-center projects are needed to identify and test new interventions to improve airway safety, and to document the contextual and adaptive factors which allow these interventions to be effectively implemented. Future interventions must target those factors shown to be associated with adverse events. These factors include the experience of the intubating clinician, use of muscle relaxants, intubation urgency (emergent vs. non-emergent) and the number of attempts necessary to secure the airway [7, 8] . Interventions such as the use of premedication with muscle relaxants to decrease the number of intubation attempts, checklists to improve team communication and identification of infants at highest risk of a difficult intubation, and selective criteria for who will perform the intubation will likely improve the safety of this common procedure. The recently formed National Emergency Airway Registry for Neonates (NEAR4NEOS), based at the Children's Hospital of Philadelphia, provides a robust tool for institutions to benchmark tracheal intubation success and adverse event rates, to identify best practices, and to test novel interventions aimed at improving both the success and safety of neonatal intubation. The NEAR4NEOS currently has 12 participating sites and has prospectively collected detailed information on over 2,500 neonatal intubations performed in both the NICU and in the delivery room.
Alternative methods of intubating neonates
In the 80 years since neonatal intubation was first described the technique most commonly used, direct laryngoscopy, has remained essentially unchanged despite vast improvements in medical technology and equipment [37] . Multiple airway devices have been developed to improve the success and safety of intubation, however, reports of their use in neonates has been limited to case reports [38] [39] [40] observational studies [41] and small pilot randomized trials [42, 43] . Clinical use of some technologies has been limited by the small size of the mouth and airway of the neonate.
Videolaryngoscopy has shown its clinical usefulness in infants as small as 530 g [44] . Videolaryngoscopy incorporates a fiberoptic camera lens into the light source of a laryngoscope blade, effectively positioning the laryngoscopist's eye at the tip of the blade, expanding the viewing angle offered by the direct laryngoscope [45] . The videolaryngoscope is connected to a video monitor which displays a magnified image [43] . Video-assisted intubation offers precious teaching opportunities through better identification and recognition of anatomy from the magnified view, and the possibility for both teacher and trainee to share the same visual landmarks allowing guidance of the resident throughout the procedure [43] . Simulation studies have reported improved intubation success rates using videolaryngoscopy [46, 48] . Recently, two clinical trials have examined the benefits of videolaryngoscope use during neonatal intubation [49, 50] .
The first study, by O'Shea et al., randomly assigned 206 intubations to be completed by novice pediatric residents using the videolaryngoscope (Laryflex, Acutronics, Hirzel, Switzerland). Each intubation attempt was randomized to either have the screen covered, or visible to a preceptor who could then use the image to coach during the procedure [49] . Thirtysix residents' intubated 168 neonates at a median corrected gestational age of 29 weeks and a median weight of just over 1,100 g. The first-attempt intubation success rate was higher when the screen was visible to the preceptor, compared to when it was covered (66% vs. 41%, p < 0.001). The effect was even more significant when patients received premedication (72% vs. 44%, p < 0.001). Duration of intubation, lowest oxygen saturation, and lowest heart rate did not differ between study groups.
The second study by Moussa et al. randomly assigned 34 junior pediatric residents to perform endotracheal intubations using either the videolaryngoscope (C-MAC, Karl Storz, Tuttlingen, Germany) or the classic direct laryngoscope [50] . Residents in that study performed 213 intubations on 198 infants at a median corrected gestational age of 32 weeks and a median weight of approximately 1,500 g. Overall intubation success rate was higher with videolaryngoscopy (75% vs. 63%, p = 0.03), and residents reached competency (defined as success rate of over 80%) more rapidly with the videolaryngoscope (2nd vs. 7th intubation). Although time to intubation was longer with the videolaryngoscope (57 vs. 47 seconds, p = 0.008), this difference was not clinically relevant. There were no differences in number of attempts, number of bradycardia episodes or lowest oxygen saturation between the groups. However, there were more mucosal trauma events with the classic laryngoscope.
Based on the results of these two studies, videolaryngoscopy has the potential to improve success rates for neonatal intubations performed by trainees. Larger scale, multi-center, research is needed to confirm these findings. Research to examine the potential benefits of videolaryngoscopy in more experienced providers is also needed.
Conclusions
In this commentary we reviewed 4 elements of neonatal intubation; intubation success rates and complications, intubation training, intubation safety research, and the use of videolaryngoscopy. Understanding each of these elements has an important role in making intubation safer for the fragile neonates we care for. Effective training in neonatal intubation requires reliance of evidence-based educational methods. Ensuring adequate procedural experience and tracking competency development in trainees are critical. Conducting QI and clinical research is vital to optimize care and drive practice change. The use of new technology, such as videolaryngoscopy, to improve success rates and lower complications is an important area for further investigation. The journey that neonatology must take to improve neonatal intubation safety is a long one. Luckily, the first steps have been taken. Now the challenge is to continue the journey.
